Objective-Relationships between intracellular Ca 2ϩ concentration ([Ca 2ϩ ] cyt ) and apoptotic events, such as mitochondrial depolarization (⌬⌿m loss) and Bcl-2 and Bad phosphorylation, were analyzed in platelets and Jurkat cells in relation to rapid procoagulant phosphatidylserine (PS) exposure. Methods and Results-Platelets were stimulated with A23187, thapsigargin (TG) and thrombin plus convulxin (Thr/Cvx), and
P hospholipid scrambling, leading to phosphatidylserine (PS) exposure to the external leaflet of cell membranes, characterizes blood platelet procoagulant activation. The essential role of phospholipid reorganization on the surface of stimulated blood cells is illustrated by the existence of Scott syndrome, a rare bleeding disorder caused by defective membrane scrambling in platelets and hematopoietic cells such as lymphocytes (reviewed in 1 ).
PS exposure also characterizes apoptosis and occurs during platelet storage with other typical morphological and biochemical features of apoptosis (reviewed in 2 ), including loss of the mitochondrial transmembrane potential (⌬⌿m). [3] [4] [5] ⌬⌿m loss is caused by opening of a channel, the mitochondrial permeability transition pore (mPTP), and requires an increase in mitochondrial Ca 2ϩ . 6 The mPTP is composed of several proteins, including the adenine nucleotide translocator (ANT), the voltage-dependent anion channel, and cyclophilin D (CypD). 7 mPTP opening is blocked by cyclosporin A (CsA), which binds to CypD and dissociates it from the translocator. 8 In platelets, the physiological procoagulant activity is triggered by dual agonist stimulation with thrombin (Thr) plus convulxin (Cvx), the latter stimulating GPVI, a platelet collagen receptor. 9 This leads a subpopulation of plate-lets, named coated-platelets, to express PS and high levels of several procoagulant proteins on their surface. 10 Studies have shown that both ⌬⌿m loss and PS exposure were prevented by CsA in Thr/Cvx-stimulated platelets, leading to the conclusion that mPTP plays a role in PS exposure. 4 Moreover, platelets from CypD Ϫ/Ϫ mice failed to support prothrombinase activity induced by Thr/Cvx. 11 Altogether, these results suggest that procoagulant PS exposure in platelets is an apoptotic process involving mPTP pore opening.
However, no causal link has been firmly established between ⌬⌿m loss and PS exposure, particularly because when activated with Thr/Cvx, platelets from Scott syndrome dogs which cannot expose PS exhibit normal mitochondrial depolarization in a platelet subpopulation. 12 Apoptosis also implicates proteins of the Bcl-2 family, many of which were identified in platelets. 2 Studies showed that: (1) Bak/Bcl-2 ratio determined platelet life span, 13 (2) increased expression of proapoptotic Bax and Bak proteins occurred in platelets activated with Ca 2ϩ ionophores or Thr, 14 (3) Bax activators increased the proportion of PS-exposed platelets by Thr/Cvx stimulation, 15 and (4) agonist-induced platelet procoagulant activity was independent of Bak and Bax. 16 Taken together, the data suggest that proteins of the Bcl-2 family may participate in the procoagulant activity of platelets.
Importantly, the function of Bcl-2 proteins is regulated by phosphorylation (reviewed in 17 ) , and dephosphorylation is mediated by calcineurin, a Ca 2ϩ -activated protein phosphatase, inhibited by a complex formed by CsA and a cytosolic cyclophilin. 18 This raises the question as to whether the inhibitory activity of CsA on PS exposure 4 may alternatively act via inhibition of calcineurin-mediated dephosphorylation of Bcl-2 proteins, as calcineurin and its partner cyclophilin, are ubiquitously expressed in cells.
This report examines whether Ca 2ϩ -induced PS exposure is a rapid apoptotic process involving mPTP pore formation leading to mitochondrial depolarization, and regulation of Bcl-2 and Bad phosphorylation. Experiments were performed with platelets and Jurkat T lymphocytes stimulated with Ca 2ϩ ionophores, as lymphocytic cell lines are relevant models for studying the PS translocation of hematopoietic cells. 19 -21 Platelets were also stimulated by Thr/Cvx and thapsigargin (TG), a sarco-endoplasmic reticulum Ca 2ϩ ATPase (SERCA) inhibitor. TG triggers Ca 2ϩ release from the endoplasmic reticulum (ER) and induces store-operated Ca 2ϩ entry and rapid PS exposure in platelets, by-passing the ligand-receptor interaction. 22 We show that ⌬⌿m loss occurred in platelets activated in the presence or absence of Ca 2ϩ , contrasting with the PS exposure process, which is dependent on high [Ca 2ϩ ] cyt increase. CsA inhibited PS exposure, ⌬⌿m loss, and the high [Ca 2ϩ ] cyt , in the bulk of TG-stimulated platelets, as well as in a subpopulation in Thr/Cvx-stimulated platelets, and did not inhibit these events in A23187-stimulated platelets. Jurkat cells did not demonstrate an immediate ⌬⌿m loss under ionomycin stimulation. The basal phosphorylated status of Bcl-2 or Bad did not change in platelets and Jurkat cells stimulated under PS exposure conditions. Altogether, our data demonstrated that a high [Ca 2ϩ ] cyt rather than ⌬⌿m loss is the critical step to promote PS exposure. The results also revealed a new inhibitory effect of CsA on Ca 2ϩ movements.
Materials and Methods

Mitochondrial Polarization in Platelets and Jurkat Cells
Analysis of mitochondrial polarization in JC-1 loaded platelets was performed by fluorimetry. Jurkat cells was doubly labeled with the mitochondrial potential probe TMRM and with the Ca 2ϩ dye Fluo-4 AM to study both mitochondrial depolarization and [Ca 2ϩ ] cyt increase by confocal microscopy.
Dual Analysis of [Ca 2؉ ] cyt Increase and PS Exposure in Platelets
Platelets labeled with the Ca 2ϩ dye Fura-Red AM, whose fluorescence decreases when [Ca 2ϩ ] cyt is increased, were stimulated in the presence of FITC-annexin A5 so that both [Ca 2ϩ ] cyt and PS exposure were analyzed simultaneously by flow cytometry.
Cytosolic and Mitochondrial Ca 2؉ Measurements in Platelets
Platelets were labeled with Fura-2 AM for analysis of [Ca 2ϩ ] cyt , or Rhod-2 AM for analysis of [Ca 2ϩ ] mit by fluorimetry.
Dual Measurement of [Ca 2؉ ] cyt and Plasma Membrane Remodeling in Jurkat Cells
[Ca 2ϩ ] cyt and PS exposure were monitored simultaneously by fluorescence imaging video microscopy in Jurkat cells loaded with Fura-2 AM and stimulated in the presence of FM1-43.
Western Blotting
Platelets or Jurkat cells were activated in the absence or presence of CsA and proceeded as usual for Western blotting. Proteins of interest were immunoetected with specific antibodies or their phosphospecific counterparts.
Further details are provided as supplementary data.
Results
⌬⌿m Loss in Ca 2؉ -or EGTA-Containing Medium in Stimulated Platelets ⌬⌿m loss results from dissipation of the proton gradient across the inner mitochondrial membrane, after mPTP opening mediated by Ca 2ϩ entry. We therefore studied variations of ⌬⌿m in a medium containing 2 mmol/L Ca 2ϩ , condition in which PS exposure occurs, using JC-1 as a mitochondrial potential sensitive probe ( Figure 1A ). Addition of A23187 to platelets induced ⌬⌿m loss, as shown by the rapid decline in the JC-1 fluorescence ratio (black line in Figure 1A -a). In a control experiment, the lipid-soluble protonophore CCCP, which disrupts the proton gradient by carrying protons across the mitochondrial membrane and therefore induces ⌬⌿m loss independently of mPTP, 23 triggered an instantaneous drop in the JC-1 fluorescence ratio (hatched line in Figure 1A -a). Pretreating the platelets with 5 mol/L CsA for 3 minutes did not significantly change the kinetics of ⌬⌿m loss induced by A23187 (gray line in Figure 1A -a). This instantaneous loss of ⌬⌿m was probably attributable to insertion of Ca 2ϩ -ionophore in the mitochondrial membrane, transporting Ca 2ϩ ions down their electrochemical gradient via H ϩ exchange, 24 thus dissipating the transmembrane proton gradient similarly to CCCP. ⌬⌿m loss also occurred when TG was added to platelets (black line in Figure 1A -b). CsA drastically blocked ⌬⌿m loss, which collapsed further after addition of CCCP (gray lines in Figure 1A -b).
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Thr/Cvx also caused a partial ⌬⌿m loss in platelets, which was inhibited by CsA ( Figure 1A -c), in agreement with previous results showing that the platelet subpopulation exposing PS and undergoing ⌬⌿m loss was inhibited by CsA. 4 To assess the role of Ca 2ϩ in ⌬⌿m loss under conditions where PS exposure cannot occur, platelets were stimulated in a Ca 2ϩ -free medium (containing 0.1 mmol/L EGTA). Results showed that A23187, TG, and Thr/Cvx induced ⌬⌿m loss in Ca 2ϩ -free medium (black lines in Figure 1B -a through 1B-c), which was inhibited by CsA, excepted for A23187 (gray lines in Figure 1B -a through 1B-c). Addition of Ca 2ϩ after Thr/ Cvx stimulation induced a further decrease in the JC-1 fluorescence ratio, to approximately the level observed in the presence of Ca 2ϩ in Thr/Cvx-stimulated platelets (black line in Figure 1A -c). Indeed, it has been demonstrated that thrombin induces ⌬⌿m loss in an EGTA-medium, presumably as a consequence of Ca 2ϩ -store depletion, as it was not observed in BAPTA-loaded platelets. 25 Altogether, these results showed that ⌬⌿m loss occurred in activated platelets, with and without Ca 2ϩ in the medium, and was inhibited by CsA, except in A23187-stimulated platelets. As ⌬⌿m loss is a consequence of mitochondrial Ca 2ϩ uptake, the results suggest that Ca 2ϩ released from intracellular stores in an EGTA-containing medium is sufficient to induce mitochondrial depolarization, probably because of direct Ca 2ϩ tunneling to mitochondria, as described in many cell types. 26
Simultaneous [Ca 2؉ ] cyt and PS Exposure Measurements in Platelets by Flow Cytometry
A key element in the mechanism governing PS exposure is an elevated [Ca 2ϩ ] cyt . We analyzed by flow cytometry simultaneous [Ca 2ϩ ] cyt changes and PS exposure in Fura-Red-loaded platelets activated in the presence of FITC-annexin A5.
In the absence of CsA, annexin A5 versus Fura-Red fluorescence dot-plots revealed that the majority of A23187-and TG-stimulated platelets (R1 in Figure 2B and 2C, left) bound annexin A5 and exhibited low Fura-Red fluorescence, indicating a strong increase in [Ca 2ϩ ] cyt . The mean fluorescence intensity (MFI) from 328 for control, unstimulated, platelets changed to 35 to 38 for stimulated platelets (supplemental Table I ).
For Thr/Cvx stimulated platelets, the dot-plots ( Figure 2D , left) confirmed a heterogeneous response, with 15Ϯ5% (nϭ4) of platelets (17% in this representative experiment) exhibiting both high [Ca 2ϩ ] cyt and annexin A5 fixation (R1), In the presence of CsA, results for A23187-stimulated platelets were unchanged (dot-plots in Figure 2B , right), whereas the majority of platelets stimulated with TG (R2 in dot-plots in Figure 2C , right) did not bind annexin A5, and exhibited a lower intermediate [Ca 2ϩ ] cyt (MFI 94 compared to 35 in the absence of CsA, supplemental Table I ). The platelet population responding to Thr/Cvx stimulation with annexin A5 binding and high [Ca 2ϩ ] cyt was clearly inhibited (R1 in Figure 2D , right), whereas the [Ca 2ϩ ] cyt of the bulk of platelets (R2 region) was similar to that without CsA (supplemental Table I ).
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Therefore, dual fluorescence flow cytometry data revealed that PS-exposing platelets were those with high [Ca 2ϩ ] cyt . They further showed that in platelets stimulated with TG and Thr/Cvx, CsA inhibited PS exposure, concurrently with a reduction in [Ca 2ϩ ] cyt to the level of that of the bulk of Thr/Cvx-stimulated platelets, which do not expose PS.
Analysis of Cytosolic and Mitochondrial Ca 2؉ Concentrations in Platelets
We next examined the interrelationship between cytosolic and mitochondrial Ca 2ϩ , as mitochondria are involved in cellular Ca 2ϩ homeostasis.
In Ca 2ϩ -free medium, A23187 induced an increase in [Ca 2ϩ ] cyt ( Figure 3A-a) , because of internal Ca 2ϩ store depletion, and in [Ca 2ϩ ] mit (Figure 3B-a) , because of the buffering activity of mitochondria. 6 The [Ca 2ϩ ] cyt and [Ca 2ϩ ] mit increases were both transient. The decreases after the Ca 2ϩ peaks resulted from active cytosolic Ca 2ϩ extrusion and refilling of the Ca 2ϩ stores, as well as Ca 2ϩ efflux from mitochondria. Adding Ca 2ϩ to the medium provoked a rapid sustained increase in [Ca 2ϩ ] cyt and in [Ca 2ϩ ] mit ( Figure 3A -a and 3B-a), attributable to A23187-induced Ca 2ϩ entry, and subsequent Ca 2ϩ uptake by mitochondria. CsA had no effect on Ca 2ϩ mobilization from internal pools or mitochondrial Ca 2ϩ uptake but delayed the increase in [Ca 2ϩ ] cyt on addition of extracellular Ca 2ϩ . Consequently, mitochondrial Ca 2ϩ uptake was also delayed (gray lines in Figure 3A-a and 3B-a) .
In the absence of CsA, similar Ca 2ϩ movements were observed in TG-stimulated platelets (black lines in Figure  3A -b and 3B-b). CsA partially inhibited Ca 2ϩ release from the ER, capacitative Ca 2ϩ influx, and mitochondrial Ca 2ϩ uptake (gray lines in Figure 3A Figure 2 ). The reason is that 2-color flow cytometry analyzing 2 responses simultaneously is more efficient at sorting and identifying a small population with different properties than spectrofluorimetry, which analyses the whole platelet suspension. Therefore Figure 3A -c reflects the Ca 2ϩ response of the majority of platelets, which do not expose PS, and where the increase in cytosolic Ca 2ϩ is controlled by the combined action of Thr and Cvx on their respective receptor, leading to Ca 2ϩ release from the ER through inositol 1,4,5trisphosphate formation. 27
Relationship Between [Ca 2؉ ] cyt and Membrane Remodeling Inducing PS Exposure
CsA inhibits PS exposure concurrently with a decrease in [Ca 2ϩ ] cyt . We confirmed a direct link between PS exposure and [Ca 2ϩ ] cyt rise in experiments where [Ca 2ϩ ] cyt was progressively increased by stepwise addition of extracellular Ca 2ϩ (supplemental Figure I) .
To prove the requirement of [Ca 2ϩ ] cyt increase for PS exposure, experiments were further performed with BAPTAloaded platelets (supplemental Figure II) . Results demonstrated that a platelet population failed to respond to A23187 and TG stimulation, whereas no response was obtained with Thr/Cvx. The latter result indicates that a high increase in [Ca 2ϩ ] cyt is required for PS exposure in Thr/Cvx stimulated platelets, irrespective of the signaling events induced by these agonists.
Ionomycin-Induced [Ca 2؉ ] cyt Increase Does not Correlate With ⌬⌿m Loss in Jurkat Cells
To determine whether the [Ca 2ϩ ] cyt increase induced by ionomycin was associated with ⌬⌿m loss in Jurkat cells, time-dependent fluorescence changes in cells loaded with Fluo-4 Ca 2ϩ indicator and TMRM mitochondrial potential dye were simultaneously monitored by confocal videomicroscopy ( Figure 4) .
Control experiments with CCCP showed a collapse of ⌬⌿m, detected by the instantaneous sharp increase in TMRM fluorescence, coinciding with efflux of this dye from the mitochondria to cytoplasm, followed by a gradual egress from cells 28 (Figure 4A and 4C) , whereas the baseline fluorescence level of Fluo-4 was not modified ( Figure 4D ).
Conversely, TMRM fluorescence staining of mitochondria did not vary after addition of 2 mol/L ionomycin to the cells ( Figure 4B and 4E) , whereas [Ca 2ϩ ] cyt instantaneously increased, as indicated by the changes in Fluo-4 fluorescence ( Figure 4F ). In other cell types stimulated with Ca 2ϩ ionophores, any mitochondrial depolarisation that occurred was weak and independent of CsA, as shown in HepG2 and in primary hippocampal neurons. 29 However, loss of ⌬⌿m in Jurkat cells has been shown to occur under prolonged proapoptotic incubation with 2 mol/L Ca 2ϩ ionophore, as demonstrated after 10-hour treatment. 30 We also established that neither membrane phospholipid scrambling nor [Ca 2ϩ ] cyt increase in Jurkat cells was blocked in the presence of 20 mol/L CsA (supplemental Figure III) and that membrane remodeling induced by ionomycin still occurred in Jurkat cells where the mitochondria had been depolarized by prior incubation with CCCP (supplemental Figure IV) .
Bcl-2 and Bad Phosphorylation in Platelets and Jurkat Cells
Both Bcl-2 and Bad are regulated by phosphorylation, and dephosphorylation has been shown to be mediated by cal-cineurin, which is inhibited by CsA. Western blot analysis showed that Bcl-2 and Bad were expressed in both platelets and Jurkat cells ( Figure 5 ). The use of a specific phosphoSer70 -Bcl-2 antibody revealed a strong labeling of this species in Jurkat cells, unchanged on ionomycin stimulation. This phosphorylation characterizes normally cycling Jurkat cells in the G2/M growth phase, resulting in stimulation of the antiapoptotic effect of Bcl-2. 31 Platelets did not contain this phosphorylated form, either at rest or on stimulation. Thr56 residue in Bcl-2 was not phosphorylated in any cell type ( Figure 5 ).
Platelets and Jurkat cells did not express phosphoSer155-Bad but contained phosphoSer112-Bad and phosphoSer136-Bad in untreated cells. In platelets, the labeling intensity did not change on stimulation, with or without CsA. In Jurkat cells, ionomycin stimulation induced a small increase in the labeling intensity of phosphoSer112-Bad. Consequently, the phosphorylation status of Bad and Bcl-2 in platelets and Jurkat cells treated for Ca 2ϩ -dependent rapid membrane scrambling did not undergo any of the calcineurin-dependent regulation change associated with apoptosis.
Discussion
The data showed that PS exposure and ⌬⌿m loss occur concurrently in platelets stimulated with TG or Thr/Cvx in the presence of Ca 2ϩ , and are inhibited by CsA, whereas neither response is inhibited in A23187-stimulated platelets. In contrast, ionomycin-stimulated lymphocytes exhibit membrane remodeling in conditions showing no evidence of ⌬⌿m loss, and the remodeling also occurs when mitochondria are depolarized by prior addition of CCCP. Importantly, we show that ⌬⌿m loss occurs in platelets stimulated in the absence of Ca 2ϩ , when PS exposure cannot happen. Additionally, the data showed that depolarizing mitochondria with CCCP does not trigger PS exposure in platelets and Jurkat cells. The findings also exclude calcineurin-dependent dephosphorylation of Bad and Bcl-2 proteins in Ca 2ϩ -induced rapid membrane scrambling. The data highlight the fact that PS exposure depends on a high level of [Ca 2ϩ ] cyt . Therefore inhibition of PS exposure by CsA is related to a drastic reduction of [Ca 2ϩ ] cyt . Finally, this article provides experimental evidence inferring a new effect of CsA in regulating Ca 2ϩ movements in platelets.
The exhaustive study of mitochondrial polarization changes, using different experimental conditions and several agonists including Thr/Cvx, demonstrated that PS exposure occurs independently of ⌬⌿m loss, and vice versa. The data confirm previous results analyzing apoptosis in platelets, and showing that PS can be exposed without ⌬⌿m loss, 5 as in Jurkat cells, and that ⌬⌿m loss can occur in aged platelets without PS exposure, 32 as in platelets stimulated in an EGTA medium.
Other mPTP inhibitors, such as coenzyme Q and bongkrekic acid, have been shown to inhibit ⌬⌿m loss and annexin A5 binding to platelets stimulated with Thr/Cvx. 4 However, their mechanism of action has not been thoroughly defined. They may be able to modify Ca 2ϩ homeostasis, as shown here for CsA. They have additional effects: inhibition of ATP production for bongkrekic acid, 33 and antioxidant properties for coenzyme Q. 34 Indeed ATP is required for active maintenance of membrane phospholipid asymmetry, and oxidative stress has been involved in PS exposure. 35 Therefore, these inhibitors can prevent PS exposure by unknown effects, as also suggested by Remenyi et al. 4 Because CsA inhibited PS exposure in platelets stimulated by TG and Thr/Cvx, the impact of CsA on Ca 2ϩ movements was analyzed in detail. Results showed that CsA decreases Ca 2ϩ depletion from the ER induced by TG inhibition of SERCA ( Figure 3A-b) . These data are in line with a study showing that CsA inhibits the Ca 2ϩ -leak through the SERCA. Using vesicles of ER isolated from platelets treated with diacylglycerol analogues which uncouple the Ca 2ϩ -ATPases, the Ca 2ϩ -leak through the SERCAs, which then behaved as Ca 2ϩ channels, was inhibited by CsA. The authors have postulated that a cyclophilin located in ER was involved in the process. 36 Our results support this hypothesis. One likely cyclophilin protein candidate is s-CyP detected in platelet ER. 37 As PS exposure in platelets depends on [Ca 2ϩ ] cyt (supplemental Figure  I) , the lack of PS exposure response of TG-stimulated platelets in the presence of CsA is related to the fact that CsA strongly decreases [Ca 2ϩ ] cyt ( Figures 2C and 3A-b) .
For Thr/Cvx-stimulated platelets, simultaneous analysis of [Ca 2ϩ ] cyt and PS exposure by flow cytometry revealed that the PS-exposing platelets are also those with high [Ca 2ϩ ] cyt ( Figure 2D ), reflecting previously reported results on platelets stimulated with thrombin plus collagen. 38 -40 Further evidence that this elevated [Ca 2ϩ ] cyt is involved in coated-platelet formation was provided by demonstrating their virtual absence in BAPTA-loaded platelets (supplemental Figure II) .
A new finding of this work is that CsA inhibited [Ca 2ϩ ] cyt rise and annexin A5 binding in the platelet population responding to Thr/Cvx and in the majority of platelets stimulated with TG ( Figure 2C and supplemental Table I ). Therefore, CsA may inhibit Ca 2ϩ release from ER in coated-platelets.
However, despite similar high [Ca 2ϩ ] cyt and PS exposure, Thr/Cvx-stimulated coated-platelets and platelets stimulated by A23187 (and probably by TG) are not physiologically identical, because the former exhibited higher level of surface expressed factor V and higher prothrombinase activity than the latter, suggesting that coated proteins are closely associated with procoagulant activity. 10, 41 In conclusion, the data showed that rapid Ca 2ϩ -induced PS exposure was not dependent on the apoptotic events studied here: mitochondrial depolarization and regulation of Bcl-2 and Bad phosphorylation. The results also indicate that rapid procoagulant phospholipid scrambling, which requires a sustained high [Ca 2ϩ ] cyt after Ca 2ϩ influx, could be downmodulated by decreasing [Ca 2ϩ ] cyt . 
